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High-resolution photoluminescence spectra have been measured in high-quality homoepitaxial GaN
grown on a free-standing GaN substrate with lower residual strain than in previous work. Unusually
strong and well-resolved excitonic lines were observed. Based on free- and bound exciton
transitions some important GaN parameters are derived. The Arrhenius plot of the free A exciton
recombination yields a binding energy of 24.7 meV. Based on this datum, an accurate value for the
band-gap energy, EG~4.3 K! 5 3.506 eV, can be given. From the donor bound excitons and their
‘‘two-electron’’ satellites, the exciton localization energy and donor ionization energy are deduced.
Finally, estimates of the electron and hole masses have been obtained within the effective mass
approximation. © 2001 American Institute of Physics. @DOI: 10.1063/1.1413713#I. INTRODUCTION
Although intense research efforts have been aimed at
understanding the optical properties of GaN, important in-
trinsic parameters such as the electronic band gap, free-
exciton binding energy, effective masses, impurity ionization
energies, etc., remain controversial or poorly known.1,2 The
scatter in the data published up to now is due to the strong
influence of residual strain caused by the mismatch of lattice
constants and thermal expansion coefficients between thin
epitaxial GaN films and substrates, and high background im-
purity concentration, giving rise to broad and badly resolved
photoluminescence ~PL! spectra. Unwanted impurities
and/or electric fields produced by a random distribution of
ionized impurities substantially contribute to the inhomoge-
neous broadening of electronic states, to the extent that the
resulting line shapes are insufficient for an accurate determi-
nation of the above-mentioned parameters by optical mea-
surements. Most optical studies published so far have been
concerned with the origin of the deep yellow band,3,4 impu-
rity bound-exciton recombination,5,6 or other shallow donor–
acceptor pair emissions.7
Recently, progress has been made in the homoepitaxial
growth of GaN films on free-standing and bulk GaN
a!Electronic mail: gmc@uv.es5620021-8979/2001/90(11)/5627/5/$18.00
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with low background impurity concentration and dislocation
density enables the accurate study of free- and bound exciton
transitions without the presence of any strain. Here, we dis-
cuss high-resolution PL measurements of a high-quality ho-
moepitaxial GaN layer, which has an exceptionally low lat-
tice mismatch around 331025, a dislocation density of 2
3107 cm22, and a free-carrier concentration of 531016
cm23 at room temperature.
II. EXPERIMENT
Samples were grown by metal–organic chemical-vapor-
phase deposition ~MOCVD! on free-standing high-quality
GaN substrates obtained by a laser-induced lift-off process of
300-mm-thick films grown by hydride vapor-phase epitaxy
~HVPE! on sapphire. A more detailed description of the
MOCVD and HVPE growth conditions, as well as an ex-
haustive structural characterization of the sample used in the
present study, can be found in Ref. 8 and are summarized in
Table I.
For the PL measurements the sample was mounted in a
continuous He-flow cryostat. The precision of the tempera-
ture determination is 61 K. For optical excitation the 333.6
nm line of the Ar1 laser was used. The laser power incident
normally on the sample surface was 70 mW, and was focused
with a 103 microscope objective to a spot diameter of ;87 © 2001 American Institute of Physics
o AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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DILOR triple-grating spectrometer equipped with a cooled
charge-coupled-device ~CCD! detector. This experimental
setup allows a spectral resolution better than 0.12 meV ~1
cm21) at l5333.6 nm.
III. RESULTS AND DISCUSSION
The PL spectrum at 4.3 K for the homoepitaxial GaN
film is shown in Fig. 1 on a linear scale. Several lines are
visible, which have been identified as the free A exciton re-
combination (XA) at 3.4810 eV, the neutral donor bound ex-
citon transitions ~D1
02X) and (D202X!, at 3.4788 and
3.4745 eV, respectively, and the acceptor bound-exciton line
(A02X! at 3.4691 eV. The recombination of the free B ex-
citon ~XB) is shown on the expanded linear scale above the
XA line at 3.4870 eV. Additionally, the so-called ‘‘two-
electron’’ transition (D202X)n52 emerges at 3.4530 eV when
the donor is left in an excited 2s-like state.10 The assignment
that we have made is based on the thermal and excitation
power dependencies of the PL lines which are discussed be-
low. The acquired spectrum is typical of a nominally un-
doped GaN layer with residual impurities; the very good
crystal quality of the sample is proved by the donor bound
exciton linewidth of 500 meV, and also the presence of well-
resolved excitonic lines. As expected, the bound exciton
transitions are narrower than the corresponding free-exciton
recombination lines because the exciton localization reduces
TABLE I. Summary of relevant structural and electrical parameters of both
substrate and layer.a
Parameters GaN substrate GaN layer
Thickness (mm! 300 2
Lattice mismatch ~%! {{{ ,0.003
Dislocation density ~cm22) 23107 23107
Free-carrier concentration at 300 K ~cm23) 831015 531016
Hall mobility at 300 K ~cm2/V s! 350 310
aReference 8.
FIG. 1. Photoluminescence spectrum from a high-quality homoepitaxial
film measured at 4.3 K with an exciting power of ; 70 mW. The attribution
of spectral lines to transitions involving excitons and shallow donors and
acceptors is indicated.Downloaded 28 Jan 2010 to 147.156.182.23. Redistribution subject tthe broadening due to impurities, disorder, defects, and ther-
mal energy. Similar linewidths have been reported earlier for
GaN homoepitaxial films grown by MOCVD and molecular-
beam epitaxy ~MBE! on bulk GaN substrates.11,12 However,
the energy positions of the donor bound exciton transition for
those samples ~3.469 and 3.471 eV! are not in agreement
with our value, indicating different residual strain. This small
difference can be related to the significantly higher carrier
concentrations in the bulk GaN substrates (;531019 cm23)
~Ref. 13! than the epitaxial layers (;1017), being their lattice
constants different and resulting in a mismatch of Da/a’2
31024, an order of magnitude larger than our samples.8
Therefore, in order to evaluate accurate fundamental optical
parameters, the lattice mismatch must be negligible. Never-
theless, from a technological point of view bulk GaN sub-
strates are more attractive at present than free-standing sub-
strates since they offer a noticeable lower dislocation density
(1022104 cm22) in spite of being highly conductive.13
An essential remark is the thermal behavior of the PL
spectrum shown in Fig. 2 together with the 3A1~LO! Raman
emission. When the temperature increases the PL features
change smoothly but significantly in contrast to the Raman
signal. Between 5 and 55 K, the higher energy peaks, XA and
XB , broaden and become relatively stronger, turning into the
dominant recombination processes consistent with a free-
exciton nature. The weakening and quenching of the bound
exciton recombinations, (D1,20 2X) and (A02X!, is observed
due to thermal dissociation of the respective complexes.
Naturally, the (D202X)n52 line quenches faster with tem-
perature than the main (D202X! peak. All of these spectra
were fitted using a multi-Gaussian fitting procedure in order
to obtain an accurate determination of each PL peak energy
and relative intensity of the different recombination chan-
nels. As the temperature increases, the dominant shift in the
FIG. 2. Temperature dependence of the photoluminescence spectra.o AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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shrinkage of h-GaN,14 excepting the energy offset due to
different residual strains. Figure 3 shows the natural loga-
rithm of the integrated intensity of the the A free-exciton line
versus 1/kBT . In general, two different temperature regimes
can be distinguished: at very low temperatures, up to 35 K,
the intensity remains constant, with a very low activation
energy E1. Above this value, a very rapid quenching is ob-
served, indicating the free-exciton dissociation. An analysis
of these data has been carried out using the well-known ther-
mal activation relation:15
I5
A
11(
i
Bie2Ei /kBT
. ~1!
A detailed evaluation shows that two activation energies are
sufficient for a satisfactory fit of XA . The respective activa-
tion energies obtained from the fitting procedure are given in
Table II. The functions with the parameters obtained from
the fit provide curves which describe the data points with a
reliable approximation.
Adding the free A exciton binding energy deduced from
the Arrhenius plot, EX524.7 meV, to the energetic position
FIG. 3. Arrhenius plots of the integrated intensities vs 1/kBT for the free A
exciton ~XA) and neutral donor bound exciton transitions ~D202X!. Solid
curves represent theoretical fits to Eq. ~1!.
TABLE II. Activation energies are shown for the free A exciton (XA) and
neutral donor bound exciton transitions (D202X! obtained from Eq. ~1!. The
energy positions (hn) of these emissions are also listed.
Transition hn E1 E2 E3 B1 B2 B3 A
~eV! ~meV! ~meV! ~meV!
XA 3.4810 1.8 {{{ 24.7 1.02 {{{ 1.63103 2.33
D2
02X 3.4745 1.4 7.2 25.6 5.12 244.5 1.63103 41.63Downloaded 28 Jan 2010 to 147.156.182.23. Redistribution subject tcentered at 3.4810 eV, we obtain for the band-gap energy
3.5057 eV for the strain-free GaN at 4.3 K. Moreover, from
the difference of the free A exciton and donor bound exciton
energies, the exciton localization energy, EBX , i.e., the en-
ergy required to remove the exciton from the neutral donor,
can be easily deduced:
hn (D202X)5EG2EX2EBX5hnXA2EBX . ~2!
The obtained value, EBX56.5 meV, agrees within experi-
mental uncertainty with the activation energy of E257.2
meV obtained in the second region of the donor bound exci-
ton thermal quenching, corroborating the exciton dissocia-
tion from the donor center ~see Fig. 3!. Evidently, the corre-
sponding free-exciton dissociation takes place next with an
activation energy E3525.6 meV.
In the same way, the ‘‘two-electron’’ transition (D20
2X)n52 can be used to obtain information about the neutral
donor binding energy, ED . For this case, the exciton recom-
bines and the neutral donor returns to the ground state, or it
may pick up energy from the exciton, leaving eventually the
electron on the donor in an excited state. The energy of this
transition is then:
hn (D202X)n525EG2EX2EBX2DE5hn (D202X)2DE ,
~3!
where DE is the energy necessary to put the donor into its
first excited state. From these energies, a donor binding en-
ergy of 28.6 meV has been derived assuming the energy
level sequence of a hydrogen atom (DE53/4ED). Such a
donor binding energy has been attributed to silicon atoms on
gallium sites.1 Our value is slightly lower than the 31.7 meV
obtained by Volm et al.16 using their measured localization
energy and the Haynes rule,17 and is very close to the 29
meV in a moderately doped sample determined by Wang
et al.18 from an extrapolation of their magnetic-field depen-
dence of infrared absorption to zero field. Given the respec-
tive uncertainties in the determination of these values in the
published experiments, our result for the ionization energy of
the Si donor is a good compromise. In the effective mass
approximation the donor impurity induces a shallow hydro-
genic state tied to the conduction-band bottom whose bind-
ing energy is given by
ED5
mee
4
2\2e0
2 5
meRH
m0e0
2 , ~4!
where RH is the Rydberg constant. Therefore, with
e059.5,19 the electron effective mass is estimated to
0.19m0 , close to 0.22m0 , the value obtained by electron
cyclotron resonance experiments in MOVPE GaN.20 Actu-
ally, wurtzite GaN is a hexagonal crystal with axial symme-
try. The effective mass equation for hydrogenic states should,
in principle, be modified because the reduced effective
masses as well as the dielectric constant are anisotropic.
However, it has been demonstrated that, to a good approxi-
mation, the isotropic reduced masses and dielectric constant
are still valid approaches.19 Hence, the effective hole mass
mh can be derived from the free A exciton binding energy:o AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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We obtain mh51.19m0 , which matches within 10% to an-
other experimental determination by PL and two-photon
spectroscopy (mh51.2m0) ~Ref. 21! and first-principles cal-
culations (mh51.10m0).22
It is important to notice that for the spectral resolution
used in our experiment the donor bound exciton transition
was not a single line; two transitions ~D1
02X , D2
02X! are
clearly resolved and separated by approximately 4 meV. This
peculiarity is not only typical of our sample, but also arises
in other GaN films.16,23 The transition could result from two
independent donor bound exciton lines, which likewise entail
the coexistence of two shallow donors. Alternative mecha-
nisms are excited states of either the donor or the exciton.
The observation of donor excited states is improbable since
the energy separation should be 3/4 of the effective Rydberg,
ED528.6 meV, too large to explain our results. On the other
hand, an excited state of the neutral donor bound exciton
would also be 3/4 of the binding energy in the effective mass
approximation. Therefore, taking the binding energy of 25.8
meV, the first excited state should appear around 20 meV
above the ground state. Finally, the possibility that the two
lines originate from donor bound excitons relating to A and B
valence bands can be ruled out because their energy separa-
tion is also larger than 4 meV.1 For all of these reasons, we
have labeled the two transitions in question as coming from
two different residual donors; however, this point needs to be
investigated further.
In order to obtain further information on the origin of
these PL lines, we have recorded the PL spectrum for various
FIG. 4. Variation of the photoluminescence spectra with excitation power
density at 4.8 K.Downloaded 28 Jan 2010 to 147.156.182.23. Redistribution subject texcitation intensities, spanning a dynamic range of three de-
cades ~see Fig. 4!. All lines do not show any shift with in-
tensity, consistent with an exciton origin. The integrated in-
tensities for each transition increases nonlinearly with the
excitation power. By using a power-law dependence of lumi-
nescence intensity I on the excitation power P, I}Pn, values
of n>1.4 are obtained for all lines. This behavior corrobo-
rates their excitonic nature as opposed to other recombina-
tion mechanisms.24 Since the rate of the exciton formation
depends on the product of the electron and hole densities, the
exciton PL emission is expected to be superlinear in excita-
tion power.
IV. CONCLUSIONS
In summary, very narrow and well-resolved spectral ex-
citonic structures have been observed in a high-quality ho-
moepitaxial GaN film. Strong free and donor bound exciton
recombinations enable us to accurately determine the transi-
tion energies and to identify the excitonic nature of the PL
lines, allowing a precise evaluation of the band-gap energy.
Within the framework of the effective mass approximation,
we were able to perform a straightforward estimate of the A
free binding energy, the ionization energy of the residual
donor, as well as the electron and hole effective masses char-
acteristic for high-quality GaN.
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